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Abstract
The structural and magnetic study of PrMn1−xFexO3 (0 ≤ x ≤ 1) substitutional orthorhombical system, was performed
on polycrystalline (x ≤ 0.5) as well as on the single crystalline (0.5 ≤ x) samples. In this system the orthorhombic
to orthorhombic structural phase transition takes place at high temperatures for x ≤ 0.2 due to long range ordering
of 3d3x2−r2 and 3d3y2−r2 Mn orbitals in Jahn-Teller distorted structure. We have found the Jahn-Teller distortion still
contributes to orthorhombic distortion of the crystal lattice for samples with x ≤ 0.6 at room temperature. Our
investigation of the magnetic phase transition with respect to chemical composition revealed the crossover region 0.4 ≤
x ≤ 0.5 in which both Fe and Mn long range magnetic ordering exist simultaneously and the magnetic ordering of Mn
sublattice is induced by already ordered Fe sublattice. The spin reorientation magnetic phase transitions are typical
features for samples with 0.6 ≤ x. We have not found any traces of magnetic ordering of Pr ions at temperatures higher
than 2 K. These results enable us to construct complex structural and magnetic phase diagram for PrMn1−xFexO3
system.
Keywords: A. oxide materials, C. phase diagrams, D. calorimetry, D. magnetic measurements, D. X-ray diffraction
1. Introduction
REMnO3 and REFeO3 compounds (RE = Rare earth)
have been extensively studied due to their high appli-
cation potential in the field of hyperthermia (especially
LaMnO3 doped on La site [1, 2]), magnetocaloric ef-
fect at room temperature [3], other magnetic applica-
tions, since REFeO3 compounds have ordering temper-
ature well above room temperature [4, 5, 6], but also as
cathodes for solid oxide fuel cells [7, 8]. Among in-
teresting phenomena in these compounds are for exam-
ple multiferroicity (REMnO3 compounds with RE el-
ement heavier than Gd [9, 10]), interplay of the mag-
netism of two different magnetic sublattices (rare earth
sublattice and Mn, or Fe sublattice) and possibility
to tune the magnetism in these sublattices by doping
[11, 12, 13]. Worth of note is also the possibility of
studying the magnetic superexchange interactions in
these materials, since several systems can be obtained
in at least two different crystallographic modifications
∗Corresponding author
Email address: matmihalik@saske.sk (M. Mihalik jr.)
[14, 15, 16, 17, 18]. Since Mn3+ is Jahn-Teller (JT)
active ion, the degeneracy of manganese eg orbital in
Mn-based compounds can be removed by a cooperative
JT distortion below transition temperature TJT and there
can be also observed the long range ordering of 3d3x2−r2
and 3d3y2−r2 orbitals below temperature T ∗ [19, 20].
The PrMnO3 parent compound orders antiferromag-
netically at TN = 99 K [21], where only the Mn3+ sub-
lattice orders into CxFy magnetic structure [22]. In the
second parent compound PrFeO3, the Fe3+ sublattice or-
ders antiferromagnetically well above the room temper-
atures [6] and the magnetization vs. temperature data
exhibit an anomaly at T < 50 K [23]. The recent work
of Sultan et al. [24], who performed dielectric mea-
surements on PrMn1−xFexO3 (0.5 ≤ x ≤ 1), indicates
the anomalies in the real part of dielectric permittivity
for temperatures lower than room temperatures and for
x ≤ 0.7. Recently, Ganeshraj et al. [13] demonstrated
that the compound with x = 0.5 orders ferromagneti-
cally and the Curie temperature is less than 200 K.
Our work was motivated by the fact that the switch-
ing between ferromagnetic ordering for x = 0.5 and an-
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Figure 1: (Color online) The meassured XRPD patterns
for (from down to up) x = 0; 0.1; 0.2; 0.3; 0.4; 0.5; 0.6
and 1. The line below the spectra visualizes the differ-
ence between the experimental data obtained for con-
centration x = 0 and Rietveld–refined crystalographic
structure. For the Rietveld refinement the PrMnO3 crys-
tal structure as presented by Baran et al. [22] was used
as a starting model. The ticks below the lines represent
the calculated crystallographic positions for PrMnO3
parent compound.
tiferromagnetic ordering for x = 0 and 1 remains puz-
zling problem. Another impulse for our research was
that while many papers deal with substitution on Pr site
[7, 17, 25, 26, 27, 28], only small number is devoted
to Mn-Fe substitution [13, 24]. Since PrMnO3 orders
magnetically below 100 K and PrFeO3 orders at very
high temperature, one can expect that the substitution
of Mn for Fe can tune magnetic ordering temperature of
PrMn1−xFexO3 in the temperature range around room
temperature. Such a tuning can have application poten-
tial in magnetic switching, hyperthermia, or magnetic
cooling applications. All these facts motivated us to pre-
pare the PrMn1−xFexO3 substitutional solid solution and
study the evolution of magnetism and crystal structure
in this system with respect to chemical composition.
2. Sample preparation and experimental details
Samples of PrMn1−xFexO3+δ (0 ≤ x ≤ 1) were pre-
pared by floating zone method in 4-mirror optical fur-
nace (type: FZ-T-4000 from Crystal Systems corpo-
ration). As starting materials we used MnO2 (purity
3N, supplier: Alpha Aesar), Pr6O11 (purity 3N, sup-
plier: Sigma Aldrich) and Fe2O3 (purity 2N, supplier:
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Figure 2: (Color online) The concentration evolution of
a) the pseudocubic lattice parameters and b) the lattice
distortion index at room temperature decreases linearly
down to x = 0.4.
Sigma Aldrich). The starting materials were mixed in
a Pr:Mn:Fe stoichiometric ratio as intended for the fi-
nal compound. Subsequently the powders were cold
pressed into rods and sintered at 1100 ◦C for 12 to 14
hours in air. The parameters of crystal growth were as
follows: rotation of both, upper and lower shaft 15 to
30 rpm; pulling speed 7 mm/h; feeding speed 6 mm/h
and the crystal growth was performed in air atmosphere.
The quality of grown rods was checked by Laue method
using tungsten X-ray white radiation and image plate
detector. For concentrations x < 0.5 we were able to
prepare only the polycrystalline samples, however, for
compositions x = 0.5; 0.6; 0.8 and 1 we have succeeded
with the growth of single crystalline samples.
X-ray powder diffraction (XRPD) measurements
were performed on X’PERT PRO Panalytical diffrac-
tometer in standard Bragg - Brentano geometry with
fixed slits and as a source we used Cu Kα1,α2 doublet
radiation (λKα1 = 0.154060 nm, λKα2 = 0.1544430 nm)
and Rigaku Ultima IV diffractometer in Bragg Brentano
2
configuration. For the temperature evolution of the crys-
tallographic parameters we have used HTK1200N (An-
ton Paar) High-Temperature Oven-Chamber tempera-
ture cell with air atmosphere for Ultima IV and X’PERT
PRO diffractometers, and TTK450 (Anton Paar) Low-
Temperature Chamber for X’PERT PRO. Obtained data
were processed using Le Baill and Rietveld method
implemented in program FullProf [29]. EDX analysis
was performed on scanning electron microscope (SEM)
Mira III FE (produced by Tescan), which was equipped
with analyzer PentaFET Precision (produced by Oxford
Instruments). For all concentrations we have exam-
ined two parts of the grown ingot beginning and end
of grown ingot. XRPD investigation at room tempera-
ture confirmed that all samples are single phase within
the precision of this experimental technique. SEM and
EDX analysis confirmed that both parts of the studied
ingots are free of any inclusions, no concentration gra-
dient between the beginning and the end of the crystal
was found, and Nd : Mn : Fe ratio was equal to the
expected one within the experimental error
Magnetization (M) and AC susceptibility (AC) mea-
surements were performed on the SQUID magnetome-
ters (MPMS-XL-5 and MPMS3) from Quantum Design
in the temperature range from 2 to 300 K and in ap-
plied magnetic fields up to 5 T. In the case of samples
with x < 0.5 we have used powders, which were freshly
powdered prior the experiment and fixed by paramag-
netic glue into the paramagnetic capsules. The usual
mass of the samples varied between 20 and 30 mg (DC
magnetization) and 300 – 400 mg (AC susceptibility).
In the case of Fe concentration x ≥ 0.5 we have used
single crystals with mass between 10 and 50 mg and the
samples were fixed by GE varnish glue on glass, or brass
holders. PPMS (Quantum Design) apparatus with oven
option was used for the high temperature magnetic mea-
surements up to 1000 K. In this case the samples were
fixed by Zirconia cement.
Molar heat capacity (C) data for x < 0.5 were mea-
sured by relaxation method on bulk, highly textured
samples directly cleaved from the grown ingot. The
samples mass was between 7 and 12 mg. The mea-
surements were performed on PPMS apparatus in the
temperature range 2 – 220 K. Differential scanning
calorimetry (DSC) was performed on Q2000 (TA In-
struments) apparatus in temperature range 240 – 400
K and nitrogen atmosphere. Samples with masses of
about 40 mg pressed into aluminum pans were used
for these experiments. The rate of heating and cooling
was equal; 10 K/min. Termogravimetry (TG) and Dif-
ferential thermal analysis (DTA) were simultaneously
performed by Setaram-SETSYS16 apparatus in flowing
Figure 3: (Color online) The temperature evolution of
XRPD patterns for PrMn0.8Fe0.2O3 (upper panel) and
PrMn0.6Fe0.4O3 (lower panel). Temperature evolutions
for the other concentrations are presented in Supple-
mentary online material, section 1.
air (100 ml/min) atmosphere and with heating rate 10
K/min on bulk pieces of samples, which were housed in
alumina crucibles.
3. Results
3.1. Crystallography
The structure of rare-earth perovskite oxides,
REMnO3 and REFeO3, can be described as GdFeO3-
type orthorhombic distortion from the original, cubic
CaTiO3 perovskite, or, using Glazer notation [30], as
aa−b+a− tilt. Mn3+ ions are Jahn-Teller (JT) active ions,
but Fe3+ ions are not JT active. Since both ions have
practically the same Shanon radii (in high spin state,
which is expected in this case, both have radius 0.785
Å) [31] one should expect that the Mn-Fe substitution
will directly probe the JT effect in the PrMn1−xFexO3
system. Parent compounds REMnO3 and REFeO3 have
been already extensively studied from the crystallo-
graphic point of view and the results can be found else-
where [19, 32, 33, 34]. The reference of the pseudo-
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Figure 4: (Color online) Temperature evolution of crystallographic parameters and calculated volume for both, O’ and
O phases for PrMnO3, PrMn0.9Fe0.1O3 and PrMn0.8Fe0.2O3 compounds.
cubic lattice parameters which are defined as follows:
apc =
a√
2
; bpc =
b
2
; cpc =
c√
2
(1)
(a, b and c are the true, orthorhombic lattice parame-
ters) is usually very convenient for study of the JT dis-
tortion and the orthorhombic distortion. The lattice dis-
tortion index (D) can be expressed by the formula [33]:
D =
1
3
3∑
n=1
100
|an − 〈a〉|
〈a〉 (2)
where an are pseudo-cubic lattice parameters and 〈a〉 is
the mean value of an. In principle, D is the measure
of the deviation from the cubic lattice. The concen-
tration evolution of the pseudo-cubic lattice parameters
(Fig. 2a) clearly shows two regimes: apc > cpc > bpc
for x < 0.6, which can be typically found in per-
ovskites whose distortions are dominated by both tilt-
ing of the octahedrons and JT distortion and region
apc > bpc > cpc for x > 0.6, where the distortion of
the crystal lattice is driven by tilting of the octahedrons.
The distortion index D determined at room temperature
monotonously decreases with increasing iron concen-
tration, which means that the iron substitution brings
the structure closer to original, perovskite structure (Fig.
2b). Similar conclusions can be extracted from pre-
vious research published by Sultan et al. [24], but in
this case the relation apc > bpc > cpc holds already for
x ≥ 0.5. Since Sultan et al. [24] prepared samples by
solid state reaction, the difference is probably caused by
the different preparation route and thence the different
amount of Mn4+ ions which implies the different oxy-
gen off-stoichiometry δ. The similar effect of crossing
bpc and apc with iron concentration was also observed
for DyMn1−xFexO3 system for concentration of about x
= 0.4 [35].
The temperature evolution of XRPD patterns for x ≤
0.2 revealed the structural phase transition at tempera-
tures around 900 - 1000 K (see Fig. 3 and Supplemen-
4
tary online material, section 1). Two different crystallo-
graphic phases coexist in this temperature region which
implies that the structural phase transition is clearly of
the first order. Possible model structures for higher
temperatures were found with help of program package
SPuDS [36], which incorporates into its calculations all
distortions of the perovskite structure as published by
Glazer [30]. The best Rietveld fit for x ≤ 0.2 concentra-
tions was obtained again for the orthorhombic structure
with space group Pnma, however, with different crys-
tallographic parameters (Fig. 4). In this high temper-
ature phase a-axis length approaches the c-axis length.
Similar structural change was previously observed for
LaMnO3 at temperature varying from 600 K [37] to
750 K [38] depending on the content of Mn4+ ions, for
PrMnO3 at temperature approximately 950 K [39] and
for NdMnO3 in temperature range 1000 1200 K [19].
Since all previously mentioned authors adopt notation
O’ for low temperature phase and O for higher temper-
ature phase, we adopt the same notation. In our case, in
O phase the equation apc > bpc > cpc is fulfilled, while
in O’ phase the equation apc > cpc > bpc is fulfilled
(see Supplementary online material). It means that O
phase is not JT distorted, while O’ is JT distorted, and
that is why we assign the O – O’ structural phase transi-
tion to the onset of Jahn-Teller distortion and we denote
the corresponding temperature as TJT. In the tempera-
ture region approximately 60 K below TJT it is impos-
sible to fit the XRPD spectra by single crystallographic
structure. Instead of this, one has to use the crystallo-
graphic model, which consists of two phases: O and O’.
This effect can be ascribed to the ordering of 3d3x2−r2
and 3d3y2−r2 orbitals, which does not take place at ex-
act temperature, but in the whole temperature interval
T ∗ < T < TJT. Below T ∗ we have observed only the O’
phase, which is orbitally-ordered phase. Note that the
observation of the orbital ordering was already reported
for several pure REMnO3 compounds [20, 40, 41, 42],
but not for doped compounds.
One of the characteristics of O phase is D parameter
approaching zero value (Fig. 5). Such a structures were
in older papers considered as quasi-cubic, or double-
cubic systems, however, this notation is incorrect and
the structure, as we have shown, has to be still consid-
ered as orthorhombic one.
The O’ – O structural phase transition is robust for the
iron substitution x ≤ 0.2 and disappears for x ≥ 0.4. For
concentrations x ≥ 0.4 we have observed only O’ phase
at temperatures lower than 1200 K. For concentration
range 0.4 ≤ x ≤ 0.6 we have observed two different
regimes for the pseudocubic parameters: apc > cpc >
bpc at lower temperatures and apc > bpc > cpc at higher
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Figure 5: (Color online) The temperature dependence
of the lattice distortion index D for different iron con-
centrations x.
temperature (see Fig. 3 and Supplementary online mate-
rial, section 2). Both regimes are within the O’ crystal-
lographic phase and the switching temperature between
these two regimes decreases with increasing of iron con-
centration. Such an effect is understandable since one
replaces the Mn3+ ions which are JT active with Fe3+
ions, which are not JT active.
For all concentrations D decreases with increasing
temperature (Fig. 5) and D decreases also for increasing
of iron content. It means that increasing of iron concen-
tration and temperature brings the crystal structure of
PrMn1−xFexO3 closer to the crystallographic structure
of original perovskite.
XRPD measurements were performed with roughly
20 K step. Since this is quite high step in tempera-
ture sampling, we have determined the position of O’
– O structural phase transitions also by differential ther-
mal analysis (DTA). DTA measurements show minima
at 975(5) K; 928(10) K and 900(15) for x = 0; 0.1 and
0.2, respectively but there is no anomaly for x = 0.35
(Fig. 6). The minima are fingerprints of endothermic
phase transitions and we define the transition as the on-
set of the minima. All these phase transitions coincide
well with the O’ – O structural phase transitions as de-
termined by XRPD experiments.
Thermo gravimetry measurements (TG) revealed no
anomaly in the studied temperature range. Such a re-
sult implies that the oxygen stoichiometry is constant in
temperatures up to 1250 K and in air atmosphere.
Some more insights into the JT distortion could
be done by examining directly the MnO6 octahedrons
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Figure 6: (Color online) DTA results for concentrations
0 ≤ x ≤ 0.35.
in the studied compounds, however, in the Pnma or-
thorhombically distorted perovskite structure the oxy-
gen atoms occupy 4c and 8d crystallographic positions
which results to 5 adjustable parameters and the X-ray
scattering cross section of oxygen is low. That is why
our determination of oxygen fractional coordinates in
the unit cell was too uncertain to present accurate re-
sults of (Mn,Fe)O6 octahedrons metrics and Mn–O–Mn
angles. For such a research the synchrotron or neutron
experiment is highly desirable. However, the indirect
study which was performed by comparing the lattice pa-
rameters shed at least some light to the problematic of
the JT distortion in the PrMn1−xFexO3 system.
3.2. Heat capacity measurements
Molar specific heat data in C/T representation for
compounds with x ≤ 0.3 (Fig. 7a)) show phonon contri-
bution and two distinct anomalies: the bump at around
10 K and the lambda-shape peak at higher temperatures.
The specific heat data for concentrations x > 0.3 show
only the phonon contribution, and bump around 10 K.
The phonon contribution was modelled using one De-
bye term (characteristic temperature θD1 ) and three Ein-
stein terms with multiplicity 4 for each term (character-
istic temperatures θE1 , θE2 and θE3 , respectively). Fol-
lowing the approach of Hemberger et al. [21] who has
studied the specific heat of PrMnO3, we have treated the
low temperature bump as 2-level Schottky contribution
to the specific heat (CSch):
CSch = nSchR
(
∆
T
2) exp (∆/T )
1 + exp (∆/T )2
(3)
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Figure 7: (Color online) a) the total specific heat of
PrMn1−xFexO3 compounds; lines represent the best fit
of phonon contribution and Schottky levels as described
in text b) the magnetic part of specific heat; lines are
guides for the eye.
where R is the gas constant, ∆ is the splitting of the
Schottky levels, and nSch is the coefficient taking into
account the number of Schottky centers as well the level
of their degeneracy [43]. The results of the fit are pre-
sented in Table 1 and the match between the experimen-
tal data and fit is visualized in Fig. 7a. The results show
that θD is the lowest around concentration x = 0.3, while
θE1 and θE2 increases and θE3 decreases with increasing
concentration of iron. The shift of phonon characteristic
temperatures can indicate changes of the geometry of
(Mn,Fe)O6 octahedrons, presumably due to removing
of JT-distortion by the not JT active Fe3+ ion. Schottky
∆ increases with the iron substitution only moderately,
while nSch moderately decreases, however, it is present
in the whole concentration range. That is why we as-
cribe this effect to disordered Pr ions in the system. The
6
Fitting of phonons Fitting of Schottky level
x fitting interval (K) θD (K) θE1 (K) θE2 (K) θE3 (K) nSch ∆ (K) Tord (K)
0
2 - 50
110 - 220 184 216 503 690 0.75 17.6 95.2(3)
0.1
2 - 50
100 - 220 170 229 498 647 0.75 19.4 82.3(3)
0.2
0 - 35
85 - 220 164 239 477 633 0.74 20.8 62.5(5)
0.3
0 - 30
70 - 220 162 245 466 571 0.73 21.5 38.4(5)
0.35 2 - 220 167 254 459 611 0.69 21.3 -
0.4 2 - 220 171 252 514 514 0.71 22 -
0.5 2 - 220 176 256 520 521 0.7 227 -
0.6 2 - 220 179 262 525 525 0.66 21.4 -
0.8 2 - 230 188 259 545 545 0.66 21 -
Table 1: The fitting parameters for the specific heat data. The regions where the lambda anomalies occur are omitted
from the fitting.
magnetic contribution to specific heat (Cmag) as pre-
sented in Fig. 7b was obtained by the subtraction of the
phonon contribution from the total specific heat. The
typical features of Cmag(T ) are lambda peaks. These
lambda anomalies shift to lower temperatures with in-
creasing concentration of iron and disappear for x > 0.3.
We ascribe these anomalies to disorder-to-order mag-
netic phase transition and we refer the transition temper-
ature to the maximum of the lambda peak. The results
of the data processing suggest that the ordering tempera-
ture decreases with increasing content of iron (see Table
1) from 95.2(3) K for PrMnO3 to 38.4(5) K for x = 0.3.
It has been reported that PrFeO3 orders magnetically
well above the room temperatures [6]. That is why
one can expect that some magnetic phase transitions
in PrMn1−xFexO3 system exist at room temperatures,
or higher. Relaxation method for determining the heat
capacity presented in previous paragraphs is not very
suitable method for temperatures higher than approxi-
mately 250 K, since the radiation losses of heat can ob-
scure the result. That is why we have investigated the
samples with concentration x ≥ 0.6 also by differential
scanning calorimetry (DSC) (Fig. 8). DSC signal from
PrMn0.2Fe0.8O3 shows peak on both, cooling and heat-
ing cycle. These peaks are slightly shifted, but this shift
can be understood as the side effect of the experimental
method (heating and cooling rate was 10 K/min). Nev-
ertheless these peaks unambiguously identify that there
is phase transition. We have determined the temperature
of this phase transition as the arithmetic average of the
position of the peak maximum in heating and cooling
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Figure 8: (Color online) Specific heat for x = 0.6 and
0.8 as obtained by DSC method.
cycle and this transition takes place at 267.4(3) K. Our
measurements show that in the case of PrMn0.4Fe0.6O3
no anomalies in studied temperature interval 250 – 390
K are present.
3.3. Magnetic measurements
Zero-field-cooled (ZFC) and field-cooled (FC) mag-
netization measurements (Fig. 9) revealed that ZFC bi-
furcates from FC curve for all concentrations with x ≤
0.5. For concentrations x > 0.5 the ZFC and FC curves
do not bifurcate, however the shape of the curves un-
ambiguously indicate the paramagnetic-to-magnetically
ordered phase transition takes place at temperatures
7
0 . 0
0 . 2
0 . 4
0 . 6
0 . 8
1 . 0
1 . 2
1 . 4 0 5 0 1 0 0 0 2 5 5 0
0 . 0
0 . 2
0 . 4
0 . 6
1 5 0 2 0 0 2 5 0 3 0 00 . 0 0 1 0
0 . 0 0 1 5
0 . 0 0 2 0
0 . 0 0 2 5
0 . 0 0 3 0
2 0 0 3 0 0 4 0 0 5 0 0 6 0 0 7 0 0 8 0 0
0 . 0
0 . 1
0 . 2
 
 T  ( K )
x  =   0 0 . 1 0 . 2 0 . 3
M (
Am
2 mo
l-1 )
a )
 M 
(Am
2 mo
l-1 )
 T  ( K )
x  =   0 . 3 5 0 . 4 0 . 5
b )
 
 
x  =   0 . 4 0 . 5
M (
Am
2 mo
l-1 )
T  ( K )
c )
 M 
(Am
2 mo
l-1 )
 
x  =   0 . 6 0 . 8 1
T  ( K )
d )
Figure 9: (Color online) The ZFC (full symbols) and FC (opened symbols) curves measured in applied magnetic field
µ0H = 0.01 T. In the case of concentrations x ≤ 0.5 [panels a), b, and c)] the data were obtained on powder samples, in
case of concentrations with 0.5 ≤ x [panel d)] the presented data were obtained on single crystals with magnetic field
applied along the b-axis. The data obtained along the remaining two crystallographic axes for concentrations x =0.5;
0.6; 0.8 and 1 can be found in Supplementary online material, section 3.
higher than room temperature. The magnetic order-
ing transition we define as the minimum on (dM(T)/dT)
curve and the transition takes place at 95.9(3) K; 84.4(3)
K; 66.9(3) K; 39.0(7) K; 42.9(4); 170(1) K and 283(1)
K for x = 0; 0.1; 0.2; 0.3; 0.35; 0.4 and 0.5, which
is slightly lower than the bifurcation point. In the case
of concentration x = 0.5 we have obtained the identi-
cal results for single crystalline and powder samples.
In the case of the single crystalline data we have ob-
tained slightly different transition temperatures for mea-
surements with magnetic field oriented along different
crystallographic directions (see Supplementary data). In
order to compare data from polycrystalline and single
crystalline samples we determine the magnetic phase
transition on single crystals as the arithmetic average of
relevant ordering temperatures, which amounts 280(1)
K; 391(5) K; 570(5) K and 738(5) K for x = 0.5; 0.6;
0.8 and 1, respectively. The additional anomalies char-
acterized by the increase of magnetization, were found
on M(T) curves for x = 0.4 and 0.5 at T1 = 35.5(2) K
and 12.0(2) K. Large drop of magnetization in temper-
ature interval 338 – 355 K and sharp drop of magneti-
zation at T2 = 269(1) K for x = 0. 6 and for x = 0.8,
respectively, are another typical magnetic anomalies in
PrMn1−xFexO3. The latest anomaly matches well with
the anomaly observed by DSC. In the case of PrFeO3
we have observed the drop of the magnetization at 9.5
K, in the case of measurements with magnetic field ap-
plied along b-axis, but increase of the magnetization at
the same temperature when magnetic field was applied
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x fiting interval (K) µeffµB θP (K) χ0 (m3mol−1)
0 120 – 300 7.07(2) -17.8(5) -3.04(8)×10−8
0.1 120 – 300 6.07(1) 10.6(2) -8.4(1)×10−10
0.2 120 – 300 5.50(1) 25.9(2) 1.36(3)×10−8
0.3 120 – 300 4.61(1) 42.8(6) 3.41(9)×10−8
0.35 120 – 380 4.77(1) 45.0(1) 4.1(1)×10−8
Table 2: The results of fitting the susceptibility data due to modified Curie-Weiss law.
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Figure 10: (Color online) The detail of the ZFC and
FC magnetization curves of PrFeO3 for measurements
in applied field with induction of 0.01 T applied along
all three main crystallographic axes.
along a- and c-axis (Fig. 10). Such a behavior implies
that the rotation of the magnetic spin away from b-axis
takes place at this transition.
Measurements of AC susceptibility on PrMnO3 re-
vealed sharp peaks at about 96 K in both, the real part
of AC susceptibility χ′AC and the imaginary part of AC
susceptibility χ′′AC (Fig. 11). These peaks are frequency
independent in the frequency range 1 Hz ≤ f ≤ 1 kHz.
The maxima increase linearly in log(f) scale, become
broader and shift to 84 K and 66 K with increasing iron
content from x = 0.1 to x = 0.2 (Fig. 12), respectively.
The broad bumps only in χ′AC at about 35 K and 40 K
are typical features of samples with x = 0.3 and 0.35.
These bumps change the position slightly with increas-
ing frequency. Another quite sharp maxima, which are
again present in both χ′AC and χ
′′
AC, appear at about 34 K
and 11.5 K for x = 0.4 and 0.5, respectively.
Magnetic isotherms, which were measured at 2 K, ex-
hibit hysteretic behavior for the whole series (Fig.13 and
Supplementary online material, section 4). The hystere-
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Figure 11: (Color online) a) the real part and b) the
imaginary part of AC susceptibility for measurements
at frequency of 1 kHz and with driving field 6.5 Oe (x =
0; 0.1 and 0.2) or 1 Oe (x = 0.3; 0.35; 0.4 and 0.5).
sis loops on powder samples for x ≤ 0.3 exhibit kink in
the vicinity of remnant magnetization (Fig. 13a). Such
a behavior was previously observed in La1−xCaxMnO3
[44] and NdMn1−xFexO3 powder samples [12]. This
shape of hysteresis loops indicates that the magnetic
structure is complex and the interplay between fer-
romagnetic and antiferromagnetic interactions can be
strong. Our interpretation is totally in agreement with
the proposed magnetic structure CxFy of Mn ions as pro-
posed by Baran et al. [22]. The hysteresis loops for
0.3 < x < 0.5 (Fig. 13b) are very similar with hystere-
sis loops from the previous region of concentration, but
they do not content any kink in the vicinity of remnant
magnetization. The ferromagnetic component is present
and the loops look like superposition of antiferromag-
netic and ferromagnetic contribution. The hysteresis
loops for 0.5 < x ≤ 1 in the case of single crystals (Fig.
13c) are much sharper, which is the consequence of the
quality of the sample and the coercive force is lower
9
than in the case of powder samples (0 < x < 0.5). Nev-
ertheless, hysteresis persists when measured along all
three main crystallographic directions (Fig. 13c and the
Supplementary online material, section 4) which sug-
gest that ferromagnetic interactions are also present at
relevant temperatures. The coercive forces µ0H = 0.09
T; 0.11 T; 0.12 T for main crystallographic axes (a-; b-
and c-axis) of single crystal and µ0H = 0.07 T deter-
mined from and the powdered sample with x = 0.5 at 2
K are very similar but still there are some differences
among them indicating magnetocrystalline anisotropy
of the material (see Supplementary online material).
The hysteresis loops around T1 (Fig. 13d and Supple-
mentary online material) exhibit two distinct anomalies:
the hysteresis behavior around zero magnetic field with
very low coercive force and metamagnetic-like step in
higher magnetic fields. This implies onset of antiferro-
magnetic interactions at T1. Also the hysteresis loops
in temperature range T1 < T < Tord suggest the pres-
ence of ferromagnetic interactions which co-exist with
mainly antiferromagnetic interactions.
The inverse magnetic susceptibility at temperatures
higher than 120 K is almost linear for compounds with
x ≤ 0.35 (Supplementary online material). That is why
we have modelled the susceptibility for these concentra-
tions with the modified Curie-Weiss law:
χ = χ0 +
C
T − θP (4)
where χ0 is the temperature independent contribution
to the measured susceptibility (presumably contribution
from the sample holder and glue); θP is the characteris-
tic temperature and constant C scales with the effective
magnetic moment µeff . The fitted parameters (Table 2)
revealed that effective magnetic moment decreases lin-
early with increasing of iron concentration with rate -
0.43(3) µB per 10 % of iron substitution, but in the same
time the characteristic temperature increases with rate
18 K per 10 % of iron substitution (Table 2). On the
other hand, Fe3+ ion in the high spin state has one more
unpaired electron if comparing with Mn3+ ion. This im-
plies that effective moment should increase with iron
substitution. Since the opposite effect was observed,
it is possible that Curie-Weiss law is not fulfilled for
the PrMn1−xFexO3 system. The reason for this might
be also the high magnetocrystalline anisotropy in the
system. The high magnetocrystalline anisotropy was
proven for concentrations 0.5 ≤ x ≤ 1.
4. Summary and Discussion
Experimental results as presented in previous sec-
tions allowed us the construction of the structural and
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Figure 12: (Color online) The frequency dependence of
anomalies in AC susceptibility for a) x = 0.1 and 0.2
b) x = 0.4 and 0.5. The lines represent the linear fit in
log(f) scale as described in text.
magnetic phase diagram (Fig. 14). We have observed
O’ – O structural phase transition at TJT for concen-
tration up to x = 0.2. The degeneracy of the eg or-
bital is removed by a cooperative Jahn-Teller distor-
tion below TJT. This distortion results in a long-range
ordering of the occupied 3d3x2−r2 and 3d3y2−r2 orbitals.
Such a transition occurs for instance in PrMnO3 com-
pound at 1030 K [20]. The transition from an orbital-
disordered, via a short-range ordered regime, to a long-
range orbital-ordered state takes place in the tempera-
ture range T ∗ < T < TJT. This intermediate tempera-
ture range is narrowing with increasing concentration of
iron and one can extrapolate that T ∗ ∼ TJT for x slightly
higher than 0.2. We did not observed O’ – O structural
phase transition for samples with higher concentrations
than x = 0.2. The O’ phase exists in whole tempera-
ture range up to 1200 K for sample with x ≥ 0.4. In
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Figure 13: (Color online) Hysteresis loops a) for x ≤ 0.3 measured at T = 2 K b) for 0.35 ≤ x ≤ 0.5 measured at T =
2 K c) for x = 0.8 measured at T = 2 K (full symbols) and T = 380 K (opened symbols) d) for x = 0.8 and magnetic
field applied along b-axis. a) and b) : measurements performed on powders; c) and d): measurements performed on
single crystals. Data for compositions x = 0.5; 0.6 and 1 are presented in the Supplementary online material, section
4.
addition, the change of relation apc > cpc > bpc to
apc > bpc > cpc was observed up to x = 0.6, which
indicates that JT distortion is still present in this con-
centration range and can contribute to the distortion of
(Mn,Fe)O6. Temperature evolution of border between
region JT, where Jahn-Teller distortion contributes to
orthorhombic distortion of (Mn,Fe)O6 octahedrons and
RE, where the orthorhombic distortion is given domi-
nantly by tilting and rotation of (Mn,Fe)O6 octahedrons
is plotted in Fig.14 for concentrations 0.4 ≤ x ≤ 0.6.
Magnetic phase diagram is complex (Fig. 14). The
paramagnetic to magnetic transition of both parent com-
pounds PrMnO3 and PrFeO3 decreases with increasing
content of dopant (Fe or Mn, respectively). We expect
that for small x concentrations only the long range an-
tiferromagnetic ordering of Mn3+ ions with a ferromag-
netic component exists, Fe ions do not order separately
and behave only as a magnetic perturbation effecting
magnetic properties of the material. Since the Mn – O
– Fe magnetic interaction differs from Mn – O – Mn
interaction the coherent length of long range magnetic
ordering becomes smaller with Fe substitution and the
ordering temperature decreases. The situation is similar
on the opposite site, for x decreasing from 1, where only
Fe3+ ions order and the ordering temperature decreases
due to weaker superexchange magnetic interaction.
Interesting concentration range, shown in Fig. 14 and
labeled as Mn + Fe, is the range 0.35 < x < 0.5 where
long range magnetic ordering of both, Mn and Fe ions
is present simultaneously. Since the magnetic ordering
temperature for Mn ions at concentration x = 0.4 does
not fit on the line drawn from region for x < 0.35, we es-
timate that the ordering of Mn ions is induced by already
ordered Fe ions. Such an assumption can be underlined
by the change in the shape of hysteresis loops around
concentration x = 0.35 (Fig. 13). Since the hysteresis
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Figure 14: (Color online) The structural (blue open
symbols and dashed lines) and magnetic (full symbols
and solid lines) phase diagram of PrMn1−xFexO3 sys-
tem. O and O: two different orthorhombic structures as
described in text; JT: orthorhombic distortion is mainly
driven by JT distortion of (Mn,Fe)O6 octahedrons; R:
orthorhombic distortion is dominated by tilting and ro-
tation of (Mn,Fe)O6 octahedrons; Mn: only Mn sublat-
tice is magnetically ordered; Mn+Fe: both, Mn and Fe
ions do magnetically order; FeI and FeII: only Fe sublat-
tice is magnetically ordered, but FeI magnetic structure
is different from FeII magnetic structure; P: paramag-
netic region.
loops at temperatures higher than 100 K are linear for
all concentrations, this change of shape at low tempera-
tures cannot be connected with the effect of the ordered
Fe ions, alone. The interplay of two magnetic sublat-
tices for x = 0.5 can explain the broadening of the hys-
teresis loop when comparing with PrMnO3 and PrFeO3.
However, the hysteresis loop measured at 2 K does not
have the shape, which is typical for pure ferromagnetic
material neither for polycrystalline sample (Fig. 13b),
nor for single crystal (Supplementary data). So we con-
clude that even at this concentration, both antiferromag-
netic and ferromagnetic interactions are present. Our
scenario is different from the findings of Ganeshraj et
al. [13], who reports the ferromagnetic ordering for this
concentration.
Additional feature in the magnetic phase diagram is
the change of the magnetic structure of iron sublattice
for 0.6 ≤ x ≤ 1 from Fe I to Fe II (see Fig. 14). The
magnetization data suggest that this transition is tak-
ing place smoothly in relatively wide temperature range
having spin reorientation character for x = 1. The char-
acter of the transition changes to much sharper, spin
switching type feature with increasing Mn concentra-
tions. Such a behavior was previously already observed
for NdFeO3 [45], but also for doped TbMn0.25Fe0.75O3
[46], TbMn0.5Fe0.5O3 [47] and DyMn1−xFexO3 [35]
compounds. Neutron diffraction experiment is highly
desirable to study the details of this magnetic phase
transition and both, Fe I and Fe II magnetic structures
of iron sublattice.
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1. XRPD temperature scans: raw data 
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2. XRPD temperature scans: analysis
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The evolution of the pseudocubic crystallographic parameters for PrMnO3 compound – both 
crystallographic phases. 
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The evolution of the pseudocubic crystallographic parameters for PrMn0.9Fe0.1O3 compound – both 
crystallographic phases. 
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The evolution of the pseudocubic crystallographic parameters for PrMn0.8Fe0.2O3 compound – both 
crystallographic phases. 
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The evolution of the pseudocubic crystallographic parameters for PrMn0.6Fe0.4O3 compound. 
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The evolution of the pseudocubic crystallographic parameters for PrMn0.5Fe0.5O3 compound – 
crossing between apc > cpc > bpc and apc > bpc > cpc regimes in temperature 
 
100 150 200 250 300 350 400 450
0.385
0.386
0.387
0.388
0.398
0.399
 
 
 apc
 bpc
 cpc
La
tti
ce
 
pa
ra
m
e
te
rs
 
(nm
)
T (K)
PrMn0.4Fe0.6O3 
 
The evolution of the pseudocubic crystallographic parameters for PrMn0.4Fe0.6O3 compound – 
crossing between apc > cpc > bpc and apc > bpc > cpc regimes in temperature 
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The evolution of the pseudocubic crystallographic parameters for PrMn0.2Fe0.8O3 compound – 
crossing between apc > cpc > bpc and apc > bpc > cpc regimes in temperature 
 
3. ZFC-FC data measured on single crystals 
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Measurements performed on PrFeO3 compound. Applied magnetic field µ0H = 100 Oe along all three 
main crystallographic axes. 
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Measurements performed on PrMn0.2Fe0.8O3 compound. Applied magnetic field µ0H = 100 Oe along 
all three main crystallographic axes. 
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Measurements performed on PrMn0.4Fe0.6O3 compound. Applied magnetic field µ0H = 100 Oe along 
all three main crystallographic axes. 
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Measurements performed on PrMn0.5Fe0.5O3 compound. Applied magnetic field µ0H = 100 Oe along 
all three main crystallographic axes. 
  
4. M(B) data measured on single crystals  
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Measurements performed on PrMn0.5Fe0.5O3 compound with magnetic field applied along all three 
main crystallographic axes. 
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Measurements performed on PrMn0.4Fe0.6O3 compound with magnetic field applied along all three 
main crystallographic axes. 
-6 -4 -2 0 2 4 6
-1.0
-0.5
0.0
0.5
1.0
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
-0.020
-0.015
-0.010
-0.005
0.000
0.005
0.010
0.015
0.020
 2 K
 120 K
 265 K
 300 K
 380 K
µ 
(µ B
/f.
u
.
)
µ0H (T)
µ0H // a-axis
 
 
µ 
(µ B
/f.
u
.
)
µ0H (T)
-6 -4 -2 0 2 4 6
-0.4
-0.3
-0.2
-0.1
0.0
0.1
0.2
0.3
0.4
-0.4 -0.2 0.0 0.2 0.4
-0.03
-0.02
-0.01
0.00
0.01
0.02
0.03
 
 
µ 
(µ B
/f.
u
.
)
µ0H (T)
 2 K
 120 K
 265 K
 300 K
 380 K
µ0H // b-axis
 
 
µ 
(µ B
/f.
u
.
)
µ0H (T)
-6 -4 -2 0 2 4 6
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
-0.04 -0.02 0.00 0.02 0.04
-0.01
0.00
0.01
 
µ 
(µ B
/f.
u
.
)
µ0H (T)
 2 K
 120 K
 265 K
 300 K
 380 K
µ0H // c-axis
 
 
µ 
(µ B
/f.
u
.
)
µ0H (T)
 
Measurements performed on PrMn0.2Fe0.8O3 compound with magnetic field applied along all three 
main crystallographic axes. 
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Measurements performed on PrFeO3 compound with magnetic field applied along all three main 
crystallographic axes. 
 
5. Comparison of single crystal and polycrystalline for PrMn0.5Fe0.5O3 
compound 
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Detail of hysteresis loops measured at temperatures 1.9 K for polycrystal and 2 K for single crystal. 
6. Curie-Weiss fits for 0 ≤ x ≤ 0.35 
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Data obtained on powdered samples with applied magnetic field µ0H = 0.1 T. Full lines represent the 
best fit with parameters as presented in Table 1; dashed lines are extrapolations. 
